Abstract Atmospheres are dynamic over geologic timescales, making large changes in planetary air density possible. For the Earth, geological proxies suggest that air density in the Neoarchean was similar to or lower than today. This air density variation possibly affected eolian dune grain sizes by controlling the trajectories of grains though the air. Balancing the fall velocity and threshold friction velocity, a metric separating saltation and suspension transport, suggests that a lower air density could increase the mean grain size of dunes because decreased air drag extends the size range of grains in modified saltation and incipient suspension regimes. Consequently, the dune-forming sand left behind in pure saltation, the dominant dune-forming transport mode, could have coarser grains. We analyzed size distributions of two eolianites from 2.64 and 1.5 Ga (billion years ago) for deviations from modern sand dunes emplaced at sea level, which globally exhibit similar mean grain sizes. Both aeolianites have mean grain sizes within one standard deviation of the modern mean and are not statistically separable at 95% confidence. Overall, this suggests that while air density is important in eolian physics, a factor of 2 to 4 change in density is insufficient to produce an unambiguous grain size signal. This suggests that while eolian dune grain sizes have not significantly changed over the range of Earth's atmospheric conditions, they could be useful when investigating the order of magnitude changes thought to have occurred on Mars.
Introduction
Atmospheric density on Earth may have changed over the planet's 4.5 billion year history. Before the Great Oxidation Event (GOE) at~2.4-2.2 Ga, oxygen, which is 21% of Earth's current atmosphere, was below one millionth the present atmospheric level (Bekker et al., 2004; Zahnle et al., 2006) . This could mean that nitrogen was the key bulk atmospheric constituent in the Archean. While recent carbon cycle modeling indicates that temperate Archean temperatures are possible with higher levels of CO 2 and CH 4 within current atmospheric constraints (Krissansen-Totton et al., 2018) , higher nitrogen partial pressures of 2-3 bar in the Archean could have enhanced greenhouse warming through pressure broadening of greenhouse gas absorption lines, keeping the Earth warm despite the young Sun's lower luminosity (Goldblatt et al., 2009 ). The hypothesis of more Archean atmospheric nitrogen has lead others to look for geological proxies for air pressure in deep time.
Unfortunately, there are very few geologic processes that record ancient atmospheric pressure and density, but three methods used include fossilized raindrop imprints (Som et al., 2012) , N 2 / 36 Ar in quartz fluid inclusions (Avice et al., 2018; Marty et al., 2013) , and basalt vesicle volume ratios (Som et al., 2016) . These geologic proxies suggest that late Archean atmospheric pressure was no more than modern pressure (Avice et al., 2018; Marty et al., 2013; Som et al., 2012 ) and maybe as low as 0.50-0.25 bar (Som et al., 2016) . However, these proxies do not agree with some models of nitrogen cycling based on modern subduction fluxes, which imply that atmospheric pressure has monotonically decreased over time Mallik et al., 2018) . More data from multiple geological proxies would provide valuable empirical constraints for such models.
Air density has been considered when comparing eolian transport of sand on Earth, Venus, Titan, Mars, and Pluto (e.g., Greeley & Iversen, 1985; Kok et al., 2012; Telfer et al., 2018) . Changes in atmospheric conditions, including air pressure and density, measurably affect eolian bedforms. Eolian dune and ripple wavelengths scale with the reciprocal of air density (Claudin & Andreotti, 2006) , which Lorenz et al. (2014) observed from dunes spanning 23-km in elevation and nearly an order of magnitude change in atmospheric pressure and density on Tharsis Mons, Mars. Grain size increase with elevation could also factor in to the Martian bedform wavelength changes (Lorenz et al., 2014) . Based on the balancing of aerodynamic and inertial grain forces, changes in air density and gravity could affect the transportable grain sizes for dunes on other planets (Edgett & Christensen, 1991; Greeley & Iversen, 1985, p. 70) . Modern eolian quartz dunes on Earth cluster around a mean grain size of 200-220 μm with a 1σ spread of 75 μm (Ahlbrandt, 1979; Goudie et al., 1987) . If transport conditions changed during Earth's history due to air density fluctuations, statistical measures of ancient dune grain size distributions (i.e., mean, sorting, skewness, and kurtosis) and deviations from modern ranges may provide a first order indicator of these differences.
The physics describing eolian movement was pioneered by Bagnold (1941) and later expanded using low pressure wind tunnel observations by Iversen and White (1982) and Greeley and Iversen (1985) . Kok et al. (2012) provide a comprehensive review. Here we first discuss the current state of paleoatmospheric pressure constraints and summarize the pertinent physics of eolian transport and its link to air density change. Then we apply this knowledge to two Precambrian eolianites from 2.64 Ga and 1.5 Ga to investigate the possibility of eolian response to barometric pressure and density change through geologic time.
Atmospheric Density in the Archean
Geologic proxy measurements and many nitrogen cycle models disagree on Precambrian atmospheric pressure and density. With nitrogen as possibly the most important gas in the Precambrian, many models assume a 1 bar atmosphere of nitrogen by increasing the current partial pressure of nitrogen (~0.8 bar) by 0.2 bar to make up for the absence of O 2 . Precambrian nitrogen abundance inferred from N 2 / 36 Ar ratios in fluid inclusions constrains the upper limit on nitrogen partial pressure to 0.5-1.1 bar at~3.5 Ga (Marty et al., 2013) and 0.5-1 bar (2σ upper bound) at 3.3 Ga (Avice et al., 2018, their Figure 4a) . Raindrop crater sizes indicate the upper limit to air pressure was likely 0.52-1.1 bar at~2.7 Ga (Som et al., 2012) . These two proxy methods calculate probable upper limits, and absolute pressure at~2.7 Ga from vesicle volume ratios in Archean subaerial basalts was calculated to be 0.25-0.50 bar (Som et al., 2016) . These proxies indicate that air pressure in the late Archean was probably lower than today.
Some models disagree with these findings. Studies have found a mantle nitrogen abundance of 7 ± 4 times the present atmospheric level and coupled with modern subduction recycling rates (Mallik et al., 2018) , these imply that the mantle is a long-term sink of atmospheric nitrogen that has been monotonically sequestered over time. However, modern fluxes only apply if redox conditions were constant through time, yet models including nitrogen speciation change indicate that redox has a substantial effect on the atmospheric reservoir (Laneuville et al., 2018; Stüeken et al., 2016) . The stable form of deep sea nitrogen for the Archean would have been NH 4 + (Holland, 2002) , not oxidized species like NO 3 À as in modern oceans. NH 4 + readily substitutes for K + in clay minerals, meaning it could accumulate in marine sediments and be subducted over time (Som et al., 2016) . Additionally, NH 4 + could be stored directly in the dissolved ocean reservoir (Laneuville et al., 2018) . The lack of oxygen before the GOE inhibited nitrification, denitrification, and then liberation of N 2 back to the atmosphere, and so nitrogen could accumulate in the ocean, crust, and mantle.
At the GOE, NO 3 À became the dominant marine nitrogen species and nitrogen could return to the atmosphere through denitrification. This is an atmospheric source that was originally absent, causing air pressure to increase from pre-GOE levels. A monotonic drawdown theory of pressure assuming current subduction fluxes needs to consider this change in redox-sensitive nitrogen speciation. In particular, an important nitrogen flux back to the atmosphere after the GOE would come from oxidative weathering of crustal materials. The main long-term source of nitrate for denitrification to N 2 would be oxidative weathering of organic matter as it is today (Berner, 2006) . Oxidative weathering of clays and micas that contain reduced nitrogen species, deposited before atmospheric oxygenation, would also provide a nitrate source for denitrification. Thus, atmospheric density is more likely to have risen than fallen in the aftermath of the GOE.
The Som et al. (2012) raindrop method was criticized by Kavanagh and Goldblatt (2015) , who argued that the upper limit on Archean pressure should be extended to~10 bar. This was justified by increasing the maximum terrestrial raindrop size to 10 mm from 6.8 mm based on a data set that was a subset of a larger data repository with >240 million modern raindrop measurements (see Gatlin et al., 2015) . In the repository created by Gatlin et al., 0.4% of drops measured were >5 mm in diameter, with only 41 of 240 million > 8 mm and 4 > 9 mm. These large raindrops, which are exceptionally rare, occurred beneath hail-producing clouds and were evidently resulted from hail that completely melted just prior to reaching the ground (Gatlin et al., 2015) . This is consistent with aerodynamic forces significantly reducing the average life of drops larger than 7 mm (Komabayasi et al., 1964) . Thus, the 6.8 mm upper limit of raindrop sizes and upper bound pressure constraint of 0.5-1.1 bar by Som et al. (2012) is likely valid given the statistically miniscule chance that 2.7-Ga raindrop imprints on 18 distinct bedding surfaces somehow all happened to sample the extremely rare occurrence of hail that had just melted before hitting the ground.
Considering the current geological proxy measurements, following the empirical data indicates that late Archean atmospheric pressure was maybe as low as 0.25-0.50 bar with an upper limit equal to modern pressure. We use this baseline to investigate whether eolian processes at 2.64 and 1.5 Ga were measurably affected by different air density.
The Physics of Eolian Transport
Sand dunes form in both aqueous and eolian environments, the latter being affected by air density. The primary ways eolian sand moves are suspension, saltation, creep, and reptation (Figure 1a) . Suspension occurs when grains are entrained in the air and travel long distances. Saltation occurs when sand grains hop on parabolic arcs, ballistically fall and collide with the bed, and eject other grains into motion. Creep occurs when large grains roll across the bed surface. Reptation, which is similar to creep, is when larger grains hop across the surface no farther than a few grain diameters and do not have enough kinetic energy to dislodge other grains into motion (Kok et al., 2012) .
The eolian transport regime depends on wind speed, grain size, gravity, interparticle cohesion, and air density. Coarse material creeps and reptates due to higher inertia and is too large to dominate the transport flux.
Most clay and silt is suspended long term and does not settle to form dunes (Kocurek, 1996; Lancaster, 1995 
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While some suspended grains fall out on the lee slopes of dunes and contribute the smallest grain sizes, the dominant constituents are saltating grains, which are primarily composed of fine and medium-grained sand (<500 μm). Air density change could modify grain sizes in dunes by altering the upper grain size limit for entering saltation and suspension.
The wind selectively transports a small grain size range due to the much lower density and viscosity of air versus the grains being moved. Water sorts grains as well, but the higher viscosity of water allows it to transport a larger range of sizes. Despite variable source supply and wind regimes, most eolian dune sand is between 100 and 300 μm in diameter (Kocurek, 1996) . Specifically, the data of Ahlbrandt (1979) from 450 dune samples shows that quartz dunes at sea level have average mean grain sizes of 220 ± 75 μm (1σ) and are skewed toward smaller sizes, although it should be noted that the spread is wide and the mean reaches 660 μm at the Sabha dunes in Libya (Appendix A). Goudie et al. (1987) presented a similar finding with 1,261 quartz dune samples averaging 202 ± 42 μm (1σ). End-member controls on dune grain size include air properties, grain properties, source area, and wind regime. Examining mean grain sizes of dunes formed in a variety of air densities could provide evidence of a measurable relationship between air density and grain size distribution that could be used as a paleoatmospheric pressure proxy.
Eolian sediment transport relies on the physical relationship between fluid forces and the material properties of transported grains. For an idealized spherical grain at rest, the forces acting on the grain are fluid lift, fluid drag, grain weight, and interparticle cohesion (Figure 1b) . Lift and drag are aerodynamically controlled, while weight and cohesion are material properties. For a grain to be directly moved by the wind, fluid forces must overcome inertial forces. However, it should be noted that in natural environments, other parameters such as surface roughness and grain nonsphericity both affect grain movement.
For an average wind speed (u) at height z above the bed, the law of the wall gives the time-averaged wind profile near the bed (Bagnold, 1941) 
where κ is the von Kármán's constant (≈ 0.41) and z o is the roughness length, which is a lower boundary height above the bed where zero velocity occurs (generally smaller for smoother surfaces). The wind friction velocity (u * ) is a time-averaged wind speed that is invariant with height. The friction velocity is related to shear stress (τ) near the bed for a given air density (ρ a ).
For each grain diameter there is a threshold friction velocity (u *t ) required for movement to begin as a result of wind shear. A commonly used formulation by Shao and Lu (2000) balances shear forces with inertial forces to give
with A N as a dimensionless constant of 0.0123 (Shao & Lu, 2000) , g as the gravitational constant (9.8 m/s 2 on Earth), and σ p as the ratio of rock to air density. Here cohesion is scaled by particle diameter (d) and a proportionality constant (γ). Shao and Klose (2016) showed that γ = 1.5 × 10 À4 N/m fits the data of Greeley and Iversen (1985) . Cohesion may change for different gravities due to low gravity decreasing overall soil compression (Musiolik et al., 2018) .
The other term related to saltation is the fall velocity (u F ). There are a variety of empirical expressions for this parameter, each varying based on a formulation of the drag coefficient as a function of fluid and grain properties. While originally created for water, the empirical equation by Ferguson and Church (2004) , as modified by Jerolmack et al. (2006) for air, works for a variety of natural sands
where C 1 is a dimensionless constant of 18 and C 2 represents the asymptotic value of the drag coefficient (≈ 1 for typical sand grains).
The u F /u * ratio has traditionally been regarded as separating saltation and suspension (Eastwood et al., 2012; Edgett & Christensen, 1991; Greeley & Iversen, 1985; Jerolmack et al., 2006; Pye & Tsoar, 1990; Sullivan & Kok, 2017) . The transport type for a given grain depends on whether the downward velocity of the grain (u F ) exceeds or is below mean vertical turbulent dispersion (~u * ; Bagnold, 1966; Eastwood et al., 2012; Jerolmack et al., 2006 ; Shao, 2008) . Pure saltation is seen at u F /u * > 2-5 and pure suspension at u F / u * < 0.1 (Jerolmack et al., 2006; Shao, 2008) , implying that the boundary is transitional. This transitional transport regime at 0.1 < u F /u * < 2 occurs when saltating grains are significantly affected by vertical eddy turbulence and combines the two modes of incipient suspension and modified saltation (Figure 1a) , hereafter referred to as modified transport. Bagnold (1966) identified the onset of suspension susceptibility when u F /u * = 1 due to the visually observed development of a measurable concentration of suspended sediment. We follow this definition by identifying the start of modified transport conditions when u F /u *t = 1, which was verified through modeling by Sullivan and Kok (2017) . Here u * is replaced by u *t , thus indicating the mode of transport when grains initially move at their threshold speed.
Plotting the ratio of u F /u *t as a function of particle diameter for different planetary conditions provides a first-order assessment of grain sizes for eolian dunes (Figure 2a ). This was originally done by Greeley and Iversen (1985) as a relative size predictor for Venus, Earth, and Mars. Venus has a lower u F /u *t boundary grain size, and Mars has an order of magnitude larger boundary grain size, suggesting finer and coarser grained dunes respectively for these planetary bodies when sand is mobilized by the wind.
Figure 2a also shows u F /u *t for grains on Earth with air densities of 1.0, 0.5, and 0.25 times modern levels-the ranges of three Archean paleobarometers (section 2; Avice et al., 2018; Marty et al., 2013; Som et al., 2012 Som et al., , 2016 . The increase at the boundary size between the three air densities is on the order of~20 μm. This can be contrasted with the threshold friction velocity for a given grain diameter (Figure 2b ), which is (a) Ratio of the terminal fall velocity (u F ) to threshold friction velocity (u *t ) for various planetary conditions. Grain size at u F /u *t = 1 is the grain size in modified transport. Similar to Greeley and Iversen (1985) . (b) Threshold friction velocity (u *t ) as a function of grain size for various planetary conditions. Venus = green, modern earth = solid blue, ½ density earth = dashed blue, ¼ density earth = dot-dashed blue, Mars = red.
higher for decreasing air density. Both graphs shift with changing air density suggesting that such change could have a measurable effect on grain sizes in eolian transport.
Threshold conditions are usually different from the conditions producing mean values, thus making the determination of a scaling law that fits aerodynamic and grain properties to the observed mean grain size for dunes difficult. So far no such scaling law has been developed. Also, Figures 2a and 2b produce competing models. Figure 2a suggests that grain sizes should increase when atmospheric density decreases, due to the reduced drag from a less dense atmosphere increasing grain sizes in modified transport (e.g., Edgett & Christensen, 1991; Greeley & Iversen, 1985) . However, this requires that the grains are already moving, which is harder to initiate due to reduced lift and the increased fluid threshold friction velocity (Figure 2b ). Consequently, the argument is that when periodic gusts exceed the threshold velocity, the size range for grains going into suspension is extended, which leaves behind coarser grains in the saltating dune-forming sand (Edgett & Christensen, 1991) .
Advances in eolian transport theory highlight hysteresis as reducing the effect of this increased fluid threshold friction velocity on saltation transport on Mars (e.g., Kok, 2010; Sullivan & Kok, 2017) . Once saltation starts for a small number of grains, it propagates downwind and is sustained at wind speeds below the fluid threshold due to grain splashing. This effect is important in eolian systems because energy transfer from particle impacts is more efficient than fluid drag once grains are moving (Kok et al., 2012) . This means that saltation can be maintained at lower wind speeds after an initial gust of wind reaches the fluid threshold and that many grains begin moving through splash processes. The wind velocity for sustained transport once moving is the impact threshold and is~80% of the fluid threshold for the modern Earth (Bagnold, 1941) and~10% for Mars (Kok, 2010) . Additionally, wind speed fits a Weibull distribution (Lorenz, 1996) , with a higher probability of low wind speed events and decreasing probability of events above the fluid threshold. During low-frequency, high wind-speed events in thin atmospheres like Mars, small sand fluxes propagate downwind as sand clusters due to the extremely low impact threshold (Sullivan & Kok, 2017) . Thus, saltation and dune formation still occurs even if fluid threshold velocities are high.
We modeled steady state saltation grain trajectories with air density change using the numerical saltation model COMSALT (Kok & Renno, 2009 ). For a constant wind speed above the bed, Figure 3 shows that as atmospheric density decreases, both the impact velocity of saltators onto the bed (Figure 3a ) and the saltation path length (Figure 3b ) increase. Larger impact velocities would facilitate grain splash and propagate saltation downwind for large grains. Longer saltation path lengths would increase the time that grains are in the air relative to modern values, increasing the susceptibility to suspension (e.g., Edgett & Christensen, 1991) . Both of these would work to move larger grains out of pure saltation and into a modified transport regime in which upward turbulence significantly affects grain paths.
The ratio of the fall velocity over friction velocity as a boundary between saltation and suspension is an established concept in the literature (e.g., Edgett & Christensen, 1991; Greeley & Iversen, 1985) . If transport properties are a dominant control on grain sizes, once grains are moved either by a low-frequency, high speed gust of wind or particle splash from an already-moving grain, the increased impact velocity and saltation distance expected for lower air density (Figure 3a and 3b) could make larger grains become more susceptible to modified transport with longer path lengths. This could ultimately coarsen the sands remaining in pure saltation, which are the dominant dune-forming grains.
Given our predicted coarsening under low air density, investigating the grain sizes of lithified Archean eolian dunes should show whether eolian processes measurably change for air density fluctuations within current likely late-Archean constraints (from 1 down to 0.25 bar). Thus, we examined two ancient eolianites, thẽ 2.64-Ga Vryburg Formation in South Africa (Altermann et al., 2014 ) and the~1.5-Ga Nipigon Bay Formation in Canada (Rogala et al., 2005) . Fossil raindrops and lava vesicle size ratios suggest a lower atmospheric pressure at the time of deposition of the Vryburg Fm. (Som et al., 2012 (Som et al., , 2016 , but there is currently no proxy constraint for pressure during the time of deposition of the Nipigon Bay Fm. or indeed at any time in the Proterozoic.
Geologic Context

The Vryburg Formation
The Vryburg Formation in South Africa is the lowermost unit of the Schmidtsdrif Subgroup in the Griqualand-West basin of the Transvaal Supergroup (Figure 4) . A zircon age of 2,642 Ma is widely accepted as the minimum age (Walraven & Martini, 1995) . The Vryburg Fm. ranges from 10-to 250-m thick and includes slightly metamorphosed basal conglomerates, quartzites, shales, and carbonates. Overlying the Vryburg Fm. is the middle and upper part of the Schmidtsdrif Subgroup, which is comprised of Boomplas Formation stromatolitic and oolitic platform carbonates and Clearwater Formation shales (Eriksson et al., 2006) . Thẽ 300-m Schmidtsdrif Subgroup is interpreted as recording the initial flooding of the Kaapvaal Craton and subsequent basin deepening (Schröder et al., 2006) . The basal conglomeratic section of the Vryburg Fm. lies unconformably atop its source Ventersdorp Supergroup volcanics. The Vryburg Fm. contains cross-stratified orthoquartzites interpreted as eolian (Altermann et al., 2014) . Well-exposed outcrops are available within an abandoned quarry near Prieska, South Africa (S29.33693°, E022.30536°). Sedimentary structures include tabular crossbed sets up to 20-m long and 3-m tall with high-angle foresets (Figure 5a ), preserved toesets (Figure 5b) , and basal erosional surfaces overlain by symmetrical low-index ripples, grainflow structures, and horizontal millimeter-scale laminae (Figure 5c ). There is a lack of distinctive fluvial features such as gutter casts and flute marks.
The Nipigon Bay Formation
The 1450-1500 Ma Sibley Group is a Mesoproterozoic sedimentary sequence deposited in a subsiding intracratonic basin (Rogala et al., 2005; Rogala et al., 2007) . Exposures are on the northwest shore of Lake Superior in Ontario, Canada (Figure 6 ). In the central Sibley basin, sedimentary rocks are thermally metamorphosed up to 400-500°C by intrusive diabase sills. However, metamorphism is localized (Rogala et al., 2005) and a majority of the rocks are diagenetically altered, but unmetamorphosed. Beginning at the base, the sequence includes braided stream sediments (Pass Lake Formation); transgressive lacustrine siliciclastics, evaporative and stromatolitic saline lacustrine carbonates, and sabkha and saline mudflat deposits (Rossport Formation); and prograding deltaic shales (Kama Hill Formation) grading into braided mouth bar and channel sediments (Outan Island Formation). Overlying the cap-deltaic Outan Island Formation and atop an angular unconformity is the Nipigon Bay Formation, a~450-m section of cross-stratified sandstone consisting of alternating high-angle and low-angle tabular crossbeds recognized as eolian (Rogala et al., 2005; Rogala et al., 2007) . It is principally visible in drill core, and the only outcrop exposure found on Simpson Island contains a 15-m high relict dune form with high-angle foresets (Figure 5d ), preserved toesets (Figure 5e ), curved and planar reactivation surfaces (Figure 5f) , and rare preserved ripple forms (Rogala et al., 2007) . Column thicknesses are generalized due to variable thicknesses at different sites. Column and map based on data from the South African Committee for Stratigraphy (Altermann & Nelson, 1998; Eriksson et al., 2006) .
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Materials and Methods
Representative thin sections cut normal to bedding were studied using an Olympus BX53 petrographic microscope, and images were taken at 4X magnification with an Olympus DP22 camera. The Vryburg Fm. was sampled from the top, middle, and toe of a high-angle foreset. The Nipigon Bay Fm. was sampled from 3 cores at 229.5-, 390-, and 431.3-m stratigraphic depth. For each thin section, 24 images were stitched into ã 8 × 5 mm high-resolution digital mosaic of 0.685 pixels/μm. Two image mosaics were created from different areas of each thin section. Where visible, grain boundaries were manually identified and traced using Adobe Photoshop.
Measuring grain size from a 2-D thin section automatically biases size distributions finer because there is only one grain cross section reflecting the actual grain diameter. Sedimentologists counteract this bias by measuring the long axis of grains, and others sometimes use empirically based conversion equations (Friedman, 1958; Harrell & Eriksson, 1979) that have been met with skepticism (Johnson, 1994) . Additionally, number counts are not as representative of volume/weight distributions. Hence, we used stereology. 
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Stereology is a statistical technique used to convert 2-D distributions into representative 3-D volume distributions based on a relationship between surface area fraction and volume area fraction. It is used in multiple fields of microscopy, including cell biology and materials engineering. We specifically used a MATLAB® open-source stereology code formulated by Lehto et al. (2014) for size characterization of materials based on a point-sampled intercept method (Gundersen & Jensen, 1985; Underwood, 1973) . For details, see Appendix B or Lehto et al. (2014) .
Statistical measures of grain size were calculated using the logarithmic Folk and Ward (1957) graphical equations. We use the mean (M Z ) rather than the median because it more accurately represents the entire size of the distribution and is a better estimate of central tendency (Pettijohn et al., 1987) . The inclusive graphical standard deviation on the mean (σ I ) is the sorting of grains based on both the central and exterior parts of the size distribution. Skewness (Sk I ) is the asymmetry of the distribution, reflecting the relative importance of the tails. Eolian dune sands are typically positively skewed (e.g., Ahlbrandt, 1979) . Kurtosis (K G ) is the fit relative to a normal distribution. Grain sizes are in the phi scale (ϕ = Àlog 2 (d mm )). Grain shape features were visually compared based on the Powers (1953) classification. See Appendix C for the descriptive terms. Statistical measures for each thin section were averaged to produce one value for the formation. Each sample was measured twice in different areas for robust grain counts and to ensure representative statistics. Descriptive sand sizes are based on the Wentworth (1922) scale.
Results
In thin sections, the Vryburg Fm. samples are compositionally mature, comprised principally of quartz with minor detrital orthoclase. Sericite, a white mica, is also present in small amounts. Grains of the original sandstone show poikilotopic syntaxial quartz overgrowth, suturing, and fracturing, producing an interlocking orthoquartzite fabric (Figures 7a and 7b) . As a result, grains cannot be separated for grain surface analysis. Original boundaries, especially for the larger fraction, are semipreserved as inclusion trails in~50% of grains and are visible in plane-polarized light (Figure 7a ). The larger size fraction is well rounded to rounded and spherical, and the smaller size fraction is subrounded to subangular and less spherical. Additionally, thin sections revealed evidence of inverse grading from fine to coarse (Figure 7c ). Lastly, a close-up view of a polished hand sample (Figure 7d ) confirms the outcrop evidence of pinstripe lamination (Figure 5c ). Table 1 summarizes the statistical parameters for the Vryburg Fm. based on measurements of 1,759 grains. The distributions, shown in Figure 8 (black), are unimodal and grain sizes range from very fine (80 μm) up to the boundary between medium and coarse sand (500 μm), with a mean of 222 ± 8 μm (1σ). Sorting of grains is moderate (σ I = 0.74), the distribution is slightly finely skewed (Sk 1 = 0.11) and is mesokurtic (K G = 0.96), indicating it is approximately normal.
While the Nipigon Bay Fm. sandstone has undergone diagenetic alteration and quartz cementation, original grain boundaries are clearly preserved in thin section by clay and oxide coatings. Grains are compositionally fairly mature, with a majority of quartz but a significant fraction of orthoclase (Figures 7e and 7f) . Table 1 also includes the statistical measures for the Nipigon Bay Fm. based on measurements of 3,422 grains. The distributions, shown in Figure 8 (gray), are unimodal and grain sizes range from very fine (70 μm) to medium sand (360 μm), with a mean of 191 ± 32 μm (1σ). Overall, grain sizes are moderately well sorted (σ I = 0.55), with the distribution slightly finely skewed (Sk 1 = 0.18) and mesokurtic (K G = 1.10), indicating it is approximately normal to slightly peaked. Grains are rounded to well rounded and show moderate to high sphericity.
Discussion
Depositional Environment Reconstruction
Distinguishing depositional environments based solely on statistical measures of grain size characteristics (e.g., Folk & Ward, 1957) should be met with skepticism (Pye & Tsoar, 1990) . Determining the depositional origin of a sandstone requires both outcrop and grain scale observations. Conclusions about large-scale sedimentary features for the Precambrian sandstones that we studied are necessarily made from limited
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Journal of Geophysical Research: Planets outcrop exposure. Very large tabular crossbed sets with high-angle foresets are typical of eolian dunes. Tabular crossbeds for the Vryburg Fm. were observed up to 3 m in height and 20-m long. Sets of this size can be formed by both eolian dunes and fluvial dunes, explaining previous intertidal and fluvial interpretations (e.g., Beukes, 1986) . However, outcrop and stratigraphic relationships in the area support an eolian origin. The Vryburg Fm. sandstones increase in maturity and in the size of crossbed sets upward. Basal conglomerates transition to fluvial trough crossbedded sandstones, marginal-marine, gray, feldspathic sandstones, and finally to the white, mature orthoquartzites described herein. Additionally, grainflow avalanche deposits at dune toes were observed at other outcrops, indicating eolian deposition (Anderson, 1988; Sutton et al., 2013 ). In the eolian section, millimeter-scale horizontal laminae (Figures 5c and 7d ) are interpreted as pinstripe lamination, which are preferentially cemented laminations of fine grains that formed because silt and very fine sand were originally deposited in the troughs of migrating wind ripples (Fryberger & Schenk, 1988) . Differential grain size resulted in the formation of pressure-solution cleavage during orthoquartzite recrystallization, now visible as the layered colors in the horizontal laminae. Additionally, thin sections revealed evidence of inverse grading from fine to coarse grains (Figure 7c ). Both pinstripe lamination and inverse grading are distinctive features of eolian deposition.
Wind ripples are generally asymmetrical, low amplitude and have a high ripple index (wavelength/height >10; Wilson, 1972) . The basal erosional features in the outcrop are overlain by low-index symmetrical ripples 1 cm in height, suggesting the presence of extremely shallow water in a wet interdune setting. These transition into pinstripe lamination and the high-angle foresets, indicating the wet interdune segments were transient and graded to dry eolian processes. At the grain scale for the Vryburg Fm., the moderate sorting and well-rounded to rounded larger grains is typical of eolian transport. The subangular nature of the smaller grains is possibly from postdepositional processes such as fracturing, and the lack of extreme rounding or sphericity for smaller grain sizes does not rule out an eolian origin. In modern eolian dunes, grain roundness and sphericity can decrease for the smaller size fraction (Khalaf & Gharib, 1985) , as is observed in the Vryburg Fm.
Tabular crossbeds with high-angle foresets, pinstripe lamination, inverse grading, and the grain sizing all combine to support an eolian origin for the Vryburg Fm. crossbedded orthoquartzites at this locality. The Vryburg forms the base of a~300-m fining cycle becoming marine upward (Figure 4) , interpreted as the initial flooding of the Kaapvaal Craton and subsequent basin deepening (Altermann & Nelson, 1998; Schröder et al., 2006) . The stratigraphic proximity of shallow, tidal, nearshore deposits suggests a coastal or upper beach environment for the Vryburg Fm. (Altermann et al., 2014) , and basal low-index symmetrical ripples probably formed in shallow water in intermittently wet interdune areas. The overall depositional interpretation for the tabular crossbedded orthoquartzites is thus most likely a sourceproximal coastal eolian environment. This study's grain scale features corroborate the eolian origin for the Nipigon Bay Formation deduced from previous outcrop and drill core observations (Rogala et al., 2005; Rogala et al., 2007) . There is a clear unconformity between the cross-stratified sandstone of the Nipigon Bay Fm. and the underlying fluvial conglomerate (Rogala et al., 2005) . The Nipigon Bay Fm. outcrop on Simpson Island also exposes a large-scale remnant dune feature~15 m in height (Rogala et al., 2005 (Rogala et al., , 2007 , which is rare in fluvial environments. Grains are rounded, subspherical, and moderately well sorted, further supporting wind transport. The depositional interpretation is a first-cycle eolianite due to the low compositional maturity.
Grain Size and Atmospheric Density
The measured mean grain sizes for the Vryburg (222 ± 8 μm) and the Nipigon Bay (191 ± 35 μm) Formations both fall within the 220 ± 75 μm (1σ) modern size range for sea level dunes on Earth (Ahlbrandt, 1979) . Within the Nipigon Bay Formation there is a mean grain size difference of~55 μm between sample NB-3 and the other two samples (NB-2 and NB-1), which is larger than the 31-μm size difference between the Nipigon Bay Fm. mean and the Vryburg Fm. mean. The Vryburg shows a larger size range than the Nipigon Bay, with sizes reaching up to coarse grained (>500 μm, Figure 8 ).
Student's t tests carried out on the grain measurements (Table 2) indicate that both the Vryburg Fm. and the Nipigon Bay Fm. cannot be statistically separated from the modern mean with 95% confidence. Given the paleopressure proxy measurement of 0.25-0.5 bar from Som et al. (2016) near the time of deposition of the Vryburg Formation, the results of this work indicate that either (1) decreasing modern atmospheric density by a factor of 2 to 4 is insufficient to cause a statistically significant change in the mean grain size of eolian dunes or (2) the late-Archean air density was closer to the maximum bound presented in the paleobarometric measurement of Som et al. (2016) or that of Avice et al. (2018) . a t crit is for a two-sided 95% confidence, n = sample size, and DoF = degrees of freedom. The null hypothesis is that the means are the same as the mean of the modern dunes.
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Particle size distributions can vary within a dune field, between dune fields, and on individual dunes (e.g., Ahlbrandt, 1979) . For this method to work as a paleopressure indicator, it requires a significant shift in sizes beyond natural eolian stochasticity, which is a product of many other factors such as source area, temperature, and wind regime. Importantly, air density and pressure differences required for a significant shift in mean grain size are probably larger than those available on Earth, even for high elevations. China's Ulan Buh Desert dunes at 1,000 m (~0.90 bar) have means of 255 ± 26 μm (Fan et al., 2010) , Great Sand Dunes National Monument dunes at 2,500 m (~0.75 bar) have means of 236 ± 47 μm (Wiegand, 1977) , and Tibetan Plateau early to late-Holocene dunes at 3,400 (~0.66 bar) and 4,230 m (~0.60 bar) have mean grain sizes of 184 ± 47 μm (Hu et al., 2018 ) and 182 ± 20 μm (Hu et al., 2017) respectively. All four sites at elevation are statistically different at 95% confidence compared to sea level dunes (Table 2 ). However, even the largest difference in means falls well within one standard deviation of the modern dunes. Given the 1σ spread for modern sand dunes is ±75 μm (Ahlbrandt, 1979) , consistent grain sizes larger than the upper limit (295 μm) would be the minimum requirement for grain size change to be attributable to air density change. This would produce not only a statistically significant difference but also a practically significant difference in sizes compared to the modern sea level sand dune mean size.
Natural eolian stochasticity and the other end-member factors all contribute to mean grain size. In these elevated cases we cannot confidently attribute different mean grain size to air density change, especially given the lack of a systematic mean grain size trend, either coarser or finer, with increasing elevation. Evidently, any grain size variability in these dunes from an air density effect is masked by other physical processes. One possibility is source area complication. In the case of the Tibetan Plateau dunes at 4,200 and 3,500 m, the proximity of loess on the Plateau could be dominating the source area, thus making them finer. Additionally, air density decrease with elevation may also be negated, in part, by temperature decrease. This could affect the initiation of movement for sand grains. However, while lower temperature does increase air density proportionally, any reduction in threshold friction velocity from temperature decrease is matched by a decrease in kinematic viscosity of air of a similar magnitude (McKenna-Neuman, 2003) . Nevertheless, temperature does have an effect on eolian transport, and it has been shown through wind tunnel observation that lower temperature increases the effectiveness of particle impacts and grain splash. The primary effect of lower temperature on eolian transport is the reduction of both the amount of water vapor in the air and the matric potential at which this water is adsorbed onto sand grains (McKenna-Neuman, 2004) . Increased eolian transport with lower temperature could therefore be more of a result of increased bed elasticity during collisions, rather than from any air density increase.
If the paleobarometric measurement by Som et al. (2016) reflects an Archean air pressure that truly was 25% of modern levels, then ancient eolianites can sample eolian processes at greater density differences than available on the modern Earth. However, Figures 7a and 7b exemplify the inherent complexities of grain scale observations for Archean orthoquartzites that have undergone recrystallization. Yet it is difficult to make unequivocal conclusions about the utility of eolianite grain sizes as paleobarometers from single sites from 2.64 and 1.5 Ga. Grain sizes of other eolianites would help confirm the similar-to-modern mean grain size of eolianites for the middle to late Archean.
The most logical follow-up site deposited near in time to the Vryburg Formation and the Som et al. (2016) paleopressure measurement is the 2.7-2.4 Ga eolian sandstone member of the Tamanduá Group of the Minas Supergroup in Brazil (Simpson et al., 2004) . While the 3.2 Ga Moodies Group has been reported to contain the world's oldest eolianite (Simpson et al., 2012) , which is comparable in age to the Marty et al. (2013) and Avice et al. (2018) upper limits of 0.5-1.1 and 0.5-1 bar, respectively, many Moodies Group trough crossbedded sandstones have been re-interpreted as tidal due to the presence of gutter casts (Homann et al., 2015) . Another eolianite to consider is the Karutola Formation of the Dongargarh Supergroup in Central India (Chakraborty & Sensarma, 2008) . However, the timing of deposition is not clearly constrained and broadly between the Neoarchean and Paleoproterozoic at around 2.5 Ga. Unfortunately, there are very few other identified Archean eolianites deposited near the time of the paleopressure measurements available in the literature, and most other known Precambrian eolianites are Proterozoic in age (Rodriguez-Lopez et al., 2014) .
Applicability to Mars
Geologic proxies that effectively respond to changes in atmospheric density have implications beyond the atmospheric evolution of Earth. When considering eolian processes in a low-density atmosphere, Mars is a
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Journal of Geophysical Research: Planets good natural laboratory. Martian eolian bedforms have a trimodal wavelength distribution compared to Earth's current bimodal distribution, and middle-sized ripples with meter-scale wavelengths, sinuous crests, and angle of repose slopes on Mars are unlike typical centimeter-scale impact ripples and could be a result of the extremely thin atmosphere (Lapotre et al., 2016) . These large ripples may follow scaling laws similar to fluvial drag ripples on Earth rather than typical eolian impact ripples. Additionally, the large ripples have similar orientations to impact ripples resulting from coincident formation (Ewing et al., 2017) . While the large ripples observed at the Gobabeb site and upper High Dune site on Mars have similar grain sizes as the surrounding material and are dissimilar to coarse-grained ripples, observations of some large ripples at the base of High Dune have coarser-grained crests. With the presence of both on High Dune the exact formational process is unknown (i.e., two distinct mechanisms or a single mechanism with two endmembers resulting from formation instability; Ewing et al., 2017) . If these large ripples are a result of lower air density, wavelengths of these bedforms in the Martian geologic record could be used as tool for measuring atmospheric density over Mars' history (Lapotre et al., 2016) because Mars may have formed with a thicker atmosphere that has thinned over geologic time (Catling & Kasting, 2017, Chapter 12) .
With the modern 6.1-mbar mean surface level Martian atmosphere (Haberle et al., 2008) , 1 or 2 orders of magnitude in air density difference is not an unreasonable change over Martian geologic history. The lack of plate tectonics to metamorphose and recycle ancient rocks means that billion year old eolianites should be better preserved on Mars. Banham et al. (2018) identified the 3.7-3.0 Ga Stimson Formation sandstone as an ancient Martian eolianite and reported a 400 μm geometric mean size and a 285 μm modal mean size. Compared to the modern Bagnold Dunes these sizes are significantly larger than the~100-to 125-μ m mean size of the Martian Gobabeb and Otavi sample sites but is smaller than the 321-μm mean size from the Martian Barby sample site (Edwards et al., 2018; Ehlmann et al., 2017) . Edwards et al. (2018) explain the grain size differences on the basis of whether samples were from lee or stoss sides of Martian dunes, where a stoss side or crest tends to have big grains and the lee side has smaller grains. However, variability between stoss and lee sides tends to be only a few microns or tens of microns for some terrestrial dunes (e.g., Purkait et al., 2015) . For eolianites, lee sides tend to be more sampled because these are better preserved.
Importantly, grain size measurements are dependent on the method of calculating the mean (i.e. geometric, logarithmic, and modal). This can cause large differences in reported sizes, such as those for the Stimson Formation (400 and 285 μm). Generally, geometric (metric scale) and logarithmic (Phi scale) means are more informative for sediment transport because they scale the distribution to put equal weight on the small changes in the fine particles, thus giving a more representative value for the entire distribution. More samples from modern and ancient dunes on Mars, particularly from before 4.0 Ga when air density is thought to have been much higher on Mars, may indicate a coarsening or fining over geologic time and thus confirm the utility of grain size as a proxy on a planet that has had a larger magnitude air density change over time.
Conclusion
This is the first attempt to investigate quantitative grain size changes as a record of differences in air density during eolian transport from fossil sand dunes on Earth. The traditional theory of force balance suggests that air density change could affect mean grain sizes by extending the upper size limit of the grains capable of suspension during high speed gusts, leading to coarser pure saltation grain sizes and thus overall sand dune grain sizes. We analyzed grain sizes for two Precambrian eolianites, the~2.64-Ga Vryburg Formation, deposited at a time with an atmospheric pressure between 1.1 and 0.25 bar (Som et al., 2012 (Som et al., , 2016 , and the~1.5-Ga Nipigon Bay Formation, deposited during a time of unknown atmospheric pressure.
Grain-scale and outcrop-scale observations both support the eolian origin of the sandstone samples. The mean sizes of both the Vryburg Fm. and Nipigon Bay Fm. are within one standard deviation of those for modern eolian dunes, and Student's t tests at 95% confidence do not reject the null hypothesis that both the Vryburg Fm. and Nipigon Bay Fm. mean grain sizes are the same as the modern spread of sand dune mean grain sizes. Overall, this suggests that while air density is important in eolian physics, the relatively small deviations from 1 bar over Earth's history (suggested to be a factor of 2-4 either way in the literature; Goldblatt et al., 2009; Som et al., 2016) are likely insufficient to produce an unambiguous grain size signal that can be separated from the natural variation in eolian sands. Sampling other late-Archean eolianites for grain sizes could confirm the similar-to-modern mean grain size during that time. Additionally, with possibly larger air density changes and better preservation potential, eolianites as an air density proxy may be more useful on Mars.
Appendix A: Distribution of Eolian Dune Mean Grain Sizes on the Modern Earth Modern near-sea-level eolian dune fields composed of quartz sand mostly cluster around a similar mean grain size, especially when compared to fluvial sediments. This is true despite variable wind regimes, source areas, and dune types. Ahlbrandt (1979) compiled grain size distribution data for over 450 dunes around the world. Inland quartz dunes are generally coarser than coastal dunes, and coastal dunes are very well sorted while inland dunes are moderately well sorted. The differences are such that two populations are visible between the two dune types in the data (Ahlbrandt, 1979) . However, this may reflect a sampling bias in the coastal dune population, as 218 of the 288 coastal dunes sampled were from a single dune field. Since both the Vryburg Fm. and Nipigon Bay Fm. eolianites used in this study are stratigraphically proximal to marine or lacustrine facies, and the exact relationship between most lithified eolianites and their proximity to the ocean is uncertain, the inland and coastal data sets were combined to calculate global averages for the grain size distribution statistics. Grain size statistics were averaged for each dune field when multiple dunes were sampled. Mean statistical measures were then calculated from the averages for the dune fields. Grain size data were ignored for ripples, nonquartz dominated dunes (e.g., White Sands National Monument), vegetated dunes (e.g., parabolic dunes), and high-altitude dunes (e.g., Great Sand Dunes National Monument). The resulting data set contained 404 dunes from 62 dune fields, and averaged to 220 ± 75 μm (1σ).
Appendix B: Stereology
To mitigate the bias of a random 2-D cross section of a 3-D grain, this stereology software (e.g., Lehto et al., 2014) calculates the volume-weighted mean grain size using a method of random point sampling. Each of the random 20,000 points measures grain diameter at one of four evenly spaced directions (0°, 45°, 90°, and 135°). For each of the random points, a grain diameter of size i has a probability of being hit that is proportional to the surface area fraction. Creating an accurate 3-D distribution from a 2-D one relies on this statistical relationship between surface area fraction and volume fraction, such that the probability of hitting a grain of size i is directly proportional to surface area ratio and volume ratio:
This means that the surface area fraction is a good estimator of the true volume fraction (Underwood, 1973) . When n size measurements overall are taken using the point-sampled method, a size distribution is created where the frequency of occurrences of grain size i is determined by the probability of being measured:
The arithmetic mean is then calculated:
Through substitution of equation (B2) into equation (B3), the volume-weighted average grain size is
The volume-weighted average grain size is thus calculated by weighting each measurement based on corresponding grain volume percent. At high n, this method is shown to accurately capture distribution tails (Lehto et al., 2014) .
